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Abs t r ac t
T h is p a pe r c o nsi ders a team i n whi c h pro ducti o nt ak es place sequ en tial ly and
i n whi c h a gen ts observ et h e actions t ak en b yp r e vious a gen ts. W e sho w that fo r
suc ht eams sharin g r u le s exist whi c h are b a l anced a n d i ndu ce e￿ci en t pro du ction
as the u niqu e equ il ib rium o ut come. Th is i n co n trast t o team str u ctures studi ed
b y Hol m str￿ om ( 1982 ) i n whi c h agen ts a c t sim ul t aneousl y . The shar i ng rul e whi c h
i nduc es e￿c ien t pro ducti o n i s si mpl e, i n tuiti v e and robust to n o i se, sab o tag e , and
coll usi v e b eha vior. I t in duce s e￿ci en t pro duc t io n e v en when ag en ts obtain i mp er-
fect i nfor mation ab o u t p revious acti o ns .
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1 In tro duc ti on
The sem i na l a rti cle Holm str￿ om (19 82) c o nside rs the proble mo f t e a m p ro duction w i th
m oral ha zard. H ol m str￿ om ’ s p ape r s ho ws th at in a setting wi th ri sk n e ut r a l ag e n ts no
sha ri ng rul es ex ist whic ha r e balan c ed and induce the team to pro d uc ee ￿ ci en tl y . This
result has a strong i m pli cation for team s, as t he on l y rengo ti ation- pro of sha ri ng rul es
are tho se whic h a re balanced. Co nseq uen tl y a team b yi ts e lf canno t ac hi ev e e￿c ie n t
pro ducti o n. Holm str￿ om further sho ws tha t no n-ba l an c ed sharing rule s exi st whic hi n duc e
e￿ cie n t pro duction a nd a rgues t ha t b y con tracting w i th a n on-pro ducti v e outs i de pa rt y
a team is able to com m it to no n-ba l an c ing s haring rule s. T eam sw h i c hc on tra c tw i th
outs i de pa rti es ha v e theref o re an adv an ta ge o v e rt e am s whic h do no t con tract w i th
outs i de parties. Since a natura l in terpretation o f th e o utsi d e pa rt y is that o f the o wner
of the team , Holm str￿ o m o￿ e rs an ex plana ti o n o f the com m only observ ed separation of
o wnership a nd lab o r ba se do nr e a sons of e￿c ienc y .
Holm s tr￿ om as sum e s that pro duc tion tak e s place sim ul ta neously ,i . e. ev ery te am m e m -
be r c h oo s e sh i s e￿o rt whi le b ei ng i gn oran t of the c hoice so fh i s fel lo w team m em be rs .
In re al it y ,h o w ev er, pro duction often ta k es place se quen ti al ly .A t ypi cal ex am ple i sc on -
v ey or be l t pro ducti on , w he re a team o f w or k ers a ssem bles a pro d uc t in distinct sta ges
and where ea c hw ork e ri s resp onsible fo r a certain pro dc ut i on stag e o nly . In suc ha
setti ng a w or k er m a y o bserv e the acti o ns tak e nb y previ ou s w ork e rs and con di tion his
actions on these o bserv ations. A lso the co-a uthoring of a c a dam i c pa p ers is an exam pl e
of s e quen ti a l pro ducti o n. During the pro cess o f writ ing autho rs ha v e a go o d ide a ab out
ho wm uc he ￿ ort eac h pa rti cipan ti s putting in to the com m on pro jec t a nd c an m ak e ther
o wn l ev el o f e￿ort dep end o n th e se observ ations .
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Se quen ti a l sett ing s a re the refore ri c her
than the sim ultaneous pro d uc tion set tings considere db y Holm str￿ om (19 82 ).
Th i s pa p ers sho w s that the re su l t tha t balance d s haring rule sc a nnot induce e￿c ie n t
pro dcuti o n dep e nds cruci al ly o n Holm str￿ om ’ s a ssum pti o n that te am m e m b ers c ho ose
thei re ￿ ort sim ul ta neously . I n a set ting in whic h pro ducti o n ta k es place sequen tiall y
there do ex ist balanced s haring rul es whic h uni quely i m ple m en te ￿ cie n t pro du c tion. B y
1
Note that the us e of a thi rd pa rt y as a budget bre a k e r do es not se em standard pract i ce i nc o -
authoring pap e rs.3
seque n tial team pro duction w em ean tha t ag e n ts act one a ft er the other and that, ev en
thou gh th e acti o ns a re not v eri ￿a ble , an agen t o bserv es w hi c ha c tions his predec ess ors
ha v ec hosen.
2
T o c o n tr a st our result to Holm str￿ om ’s w ew i ll ￿ r st r e call the ba si c problem o f team
pro ducti o n with m o ral hazard . C on troll ing team pro ducti o n b ecom es problem at i c when
the ag e n t’s e￿o rt le v e ls a re not direc tly c on tracti ble and are i n som ew a y or another
subs ti tutes. In this cas e ￿nal ou tput i s the only v eri￿able v ariable ,b u tc a nnot b e used
as an infere nce for determ ini ng ex ac tly whic h a gen td e li v e red w hi c he ￿ ort lev el . Muc h
li k ei n the stan dard pri nc ipal-ag e n t prob l em the i ss ue o f m ora l hazard a ri ses a nd team
m e m b ers m ustb e g i v e ni ncen ti v es to exe rt e ￿ ort.
Holm s tr￿ om ’ sr e su l t, t h at there e xists n o ba l an c ed s haring rule whic ht a i lors i ncen tiv es
in suc haw a y that e￿ cie n t pro ducti o n results, i s rem ar k able. The result i s, h o w ev er,
qui te in tui tiv ew h e n one cons i ders di ￿e ren ti ab l e s haring ru l es. I f a team m em be r sh i rks
he b e ne￿ts ful ly from the reducti o n in his cost of e￿o rt, b ut i so n l y pa rtl y a ￿ec ted
b y the re du c tion i n o utput cau se db yh i s shirk ing. M o re stri king is th e fa c t that the
p o ssibil it yt o i m po se m o netary punishm en ts , i. e. using non-co n tin uous sha ri ng rule s,
do es not le a d to ￿rst b e st i m pl em e n tation. Due to the fact that ￿nal outp ut c a nnot
b e used a s an i nf erence , a n agen t w ho shirk s canno t b e ide n ti￿ed a nd, there fo re , not
b e punished. The o nl yw a y punishm e n ts can b e g i v e n is a t ra ndom , bu t due to the
balan c ed budg e t cons trai n t the col lec ted fee sm ust b e redi s tri buted to the o t he r a gen ts .
Ri sk n e utralit y then ensu re s tha t the redi s tri bution o f pu ni sh m en ts n ulli ￿es the e ￿e ct of
rand om punishm e n ts.
3
Th i s p ape r s h o ws that if team m e m b ers pro duce sequen tiall y then a sh ari n g rul e
ex ists wh i c h is budg e t neutral and induc es ￿rs t - b est b eha vi o r as the uni que e quil ibri um
2
A se tting i nw h i c ha ge n t s act se q ue n tia ly , but do no t obser v e the other s act i ons is strate g icall y
equiv a len tt oas i tu a ti on i n whic h the agen ts a c t sim ultaneously .
3
As s ho wn b yR asm use n (19 87) the ass um ption of r i s k neutr a li t yi si m p ortan t. W he n agen ts a re
risk-a v e rse then s c hem es whi ch use r a ndom puni sh m en ts m a y induce ￿rst b est b eha vi or. The reas o ni s
that i n util it y term sa r a nd o m puni sh m en ti s not n ul li ￿ ed when re di s tributed. Althoug h agen ts r ece i v e,
in e xp ec tati on, the sam ea m oun ti nm o ne y , the uti li t yd e r i v e d from i ti sl o w er. The ba lance d budget
cons trai n t re qui re s t ha tp a ym en ts are b a lance d, not the utili ties .4
outco m e. Th e pro bl em of a s e quen tial team i sm uc h sim i lar to tha t of Holm str￿ om ’s
sim ultaneous team .E v e n tho ugh te am m e m b ers observ ee ￿ ort l ev els, it is not p o ssibl e
to c on tra c to nt h e s e observ ations , as the y a re not v eri ￿a bl eb y the enforci ng pa rt y . Just
li k e in H olm str￿ om ’ ss e tting con tracts can theref or e on l yb em ade c on tingen t on ￿na l
outp ut. The fa c t that e￿o rt is o bserv able i n ternall ym ak e si tn e v ert he le s s p oss i ble to
im plem en te ￿ci en t pro duc tion. Th e idea is to de vic e a sharing rule whic hm ak e sa n
ag e n t’s a c tion dep enden to nh i s obs e rv at i on s a b ou t the e￿o r tl ev els c hosen b y previ ou s
ag e n ts. Suc h a sharing rule i nduces ag e n ts to signal thei r inform ation b yi n￿u e ncing ￿na l
outp ut i n a pa r ticul ar w a y . Final output m a y then b e us e d to ide n tify a nd punish the
shirki ng team m em b er. W e sho wt h a tt h i s idea i s feas i ble under the restric tion tha t the
sha ri ng rul ei s balance d . The sharing rule w e presen t induce s a qui te natura l b e ha vior
of the te am m e m b ers: A team m em be r w or k se ￿ cie n tly when he ha s n ot o bserv ed a n y
shirki ng a nd re fuses to p e rform an y e￿o rt w he n he observ ed that so m e pre vious ag e n t
shirk ed.
Al tho ugh m an y actual pro duction setti ng s ha v e seq ue n ti a l features, t he l i terature on
ag e n c y theory wi th sequen tial pro duc tion is v ery m o dest. The prese n tp a p e rc om es
cl o sest to Banerjee and Be g gs (19 89 ) . They stu dy a no n-team a genc y problem of a
princ ipal who se t w oa g e n ts act i na s e quen t ial o rde r. T he ￿rst ag e n td o e sn o ta ￿ e ct
pro ducti o n, but in￿uenc es only the cos t functi on of t h e se con d a gen t, who then pro du c es
so m e outpu t. They sho w tha t i m ple m en ta ti o n of e￿ cie n t acti o ns is only p o ssibl ei f the
ga m ei ssequen tial, i.e .i f the second ag e n t observ es the ￿rst ag en t’s acti on . A l tho ugh
the i ss ue s whic h are ana l yze d a re di￿eren t a nd the nature of the sc hem e di￿ers from
ours , a l so the ir sc he m ei nduces the sec o nd agen tt ob e ha v e di￿eren t ly when he o bserv es
that the ￿rst a gen t shir k ed.
2 The M o del
Co nsi de r n ag e n ts who ex ert e￿o rt seque n tiall yi no r d e r to pro duce so m e o utput y 2 I R
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W en um b er the agen ts suc h that the ￿rs t a gen t to p erform e ￿ ort i s a gen t 1, the second









is the e ￿ ort le v e lo fa g e n ti . Output is stric tly i ncreasing in e ac h a gen t’s e￿o rt,








Th e ag e n ts are risk-neutral an d disli k ee ￿ ort. W e a ssum e that thei r uti li t y functi on s
a r e s e p a ra bl ei nw e al th a nd e￿ort. The e ￿ ort cos ts c
k
of a gen t k de pe n d on a gen t k ’s










Giv en a pa ym en t I and the e ￿ ort lev el s fe
i
g a gen t k ’ s util it yi s
u
k







W em ak e the sta ndard as sum pti o n tha t e￿o rt costs a r ei ncreasing i n the a gen t ’s o wn
e￿o r t e
k











￿ 0 . I n t h e p r o d u c tion ga m e
eac h agen t has to c h o o se a no n-nega t iv ea m ou n t of e￿ort. An e￿ort o f e = 0 sha l lb e
i n t e r p r e t e d as no e￿o rt, b y whic hw em ean that an ag e n td o e s not inc ur an y cos ts if he




; : : : ; e
k ￿ 1
; 0 ) = 0 , an d that i fn o a g e n t p erform s
e￿o r t an o utput o f ze ro i s pro duce d, i. e. y (0;:: :;0 ) = 0 . In o rder to g uara n tee that i ti s
e ￿ cie n t for ev ery ag e n tt op e rfo rm a stric t l y po si tiv el ev el of e￿ort, w e assu m e that the









W e further a ssum e tha t a te am m em be r’s e ￿ ort h as a (w eakly ) p os i tiv e exte rna l e ￿e ct
on the cost of e￿o rt of subsequen t a gen ts .
4
Th i s is gu aran tee db y the fo l lo wi ng c o nditi on :

















) ￿ 0 :
E￿ ort m a y there fo re ha v et w o p o siti v ee ￿ e cts. First, it inc rea se s ￿nal o utput and ,
second, i tl o w er s e￿ort c o sts o f subsequen t agen ts. Note that a ssum ption 1 also holds
for c o st functi on s wh i c h are indep enden t of the e￿o rt le v e ls o f prev ious ag e n ts as in
4
App e ndi x B ana lyze s the m ore gene ral case i n whi ch e ￿ort m a yh a v e arbitrary e￿ ect s o n the othe r
te a mm em b e rs ’ cos t func ti ons .6
Hol m str￿ om ’s origi n al pap er. I n thi s case e ￿ ort d o es not i n￿uence the cos t o f e￿ort of
other team m em b ers and ha s o nl y the p ositiv e e￿ec t that it raises pro duction.
W e m ak e t h ef o l lo wing a ssum ptions ab o ut the inform ati o nal structure. Onl y the
￿na l output y is v e ri￿ab l e a nd co n tra c tibl e. T he e￿ort l ev el e
k
i sn o t v e ri￿able, but
obse rv ab l eb ya g e n t k and all ag e n ts after k . Th i s as sum pti on m o del s the se quen ti al
c ha racte r of the team . Note tha t an ag e n t needs to obs e rv e all pre vious e ￿ ort lev el si f
h ei s to kno wh i sc os t a n d pr o duction functi o n. The as sum pt i o n that ag e n ts o bserv e all
prev iou s e￿ort lev el s furthe ri m pl ie s that there do e s not exi s t asym m etri c inform ation
b et w e en the team m em be rs b e fo re or during the pro du c tion pro c ess . Th i s allo ws us to
use su bgam e p erfec tness as i m pl em e n ta ti on c o nce pt. ( T he ass um ption that a n ag e n t
obs e rv e s all the e ￿ ort lev el s of previ o us a gen ts i s rel ax ed in secti o n 5.)
3 Im ple m en ting E￿ci en t P ro duction
Sinc e ￿nal output i s the only v e ri￿able v ar i ab l e, a sha r ing rule I can on l yb e m ade
con ti ng e n t on ￿n al o utput y a nd not on the i ndivi du al e￿o rt l ev el s fe
i
g. It h as, therefore,
the form I ￿ ( I
1
(y ); : ::; I
n
( y ) ) . and is balanced if for al l p oss i ble reali zations of y the






(y )= y: (1)












) exi sts and
is unique . A su￿ci en t conditi o n for uni queness i s that the surplus function S (e)i s
stric tly con c a v ei ne . The ￿rst order co ndi tions a re then n e cessary and su￿ci en t fo r the



































) p r odu c ed
b y the e ￿ci en t e￿ort l ev el s e
￿
.
Th ec en tral que st i o n of th i s pap e ri s whethe r the re exi s ts a budget neutra l s haring7
rule I wh i c h induces the team m em be rs to p erform e￿c ien tly .M or e o v e r, w ew ou l dl i k e
to o btain th at a sha ri ng rule exi s ts for e v e ry indi vidual ra ti o nal di visi o n of the e￿c ie n t
outp ut y
￿
. T he que st i on w e a sk is the refore w he ther a budget neutra l sharing rule I
ex ists whic hi m plem en ts e ￿ci en t pro ducti on e
￿
a n d f o r w hic h the equi li brium o utc om e
is s uc ht h a tat e am m e m be r k rec ei v es a s hare y
￿
k
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￿
k
) ￿ 0 . Note that unde r our a ssum ptions a p ositi v e surplus from
team pro du c tion is gua ran te ed and tha t an indi vidual rati o nal di visi on f y
￿
i
g of the output
y
￿
i s alw a ys p o ssibl e.
Be fo re presen ti ng a sha ri ng rul e whic h induc es e
￿
as the uni que eq uil ibrium o utc om e
w e ￿ r st i n t r odu c e som ef ur t he r no tati on . Le t the c o nsta n t^ y
k
r e p r e s e n t t he o utput whic h
is pro duced, when the ￿ rst k ag e n ts p erform a t thei re ￿ ci en t e￿o rt lev el and the last
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. F u r t h e r m or e , l et c
￿
k
b e the cos t of e￿ort of













L a s t ,l e tu
￿
k
b e t h ep a y o￿ o f agen t k when al la g e n ts c ho o se the ir e￿ ci en te ￿ ort le v e ls














Sinc e the di vi si o n of the o utput fy
￿
i
g i s indiv idual rationa l it fo l lo ws u
￿
i
￿ 0f o r all
i =1 ; :::;n .
Co nsider the foll o wing pa ym en t sha ri ng rul e fo r ag e n t1
I
1





































































































































































F i g u r e 1: S c hem e I .











































i f y ￿ ^ y
k
Note that the sharing r ul es a t i s￿ e s the balanced budg e tc o nstrain t.
Figure 1 il lustrates the sharing rule . The sc hem es e ts t w o thresho l ds, ^ y
k ￿1
a nd ^ y
k
, for
an age n t k . If ￿na l output l ie sb e lo w th e thre s hold ^ y
k ￿ 1




. When ￿na l ou tput e xce eds the threshold of ^ y
k








) then agen t k rec eiv es the ou t pu t y i ne x cess of
the pa ym en ts to the o ther agen ts. Thi sa m oun ti sl o w er tha n u
￿
k
an d acts a s a pu ni sh m en t.
Thes t r ucture of the sharing ru l e for ag e n t1 d i ￿e rs i n so far tha t he o btains all output
in ex cess o f the e￿ cie n tl e v e ly
￿
.




g of the e ￿cien t output y
￿
ther e e xists a b al a nc e d shar in g r ul e I =( I
1
( y ) ;:::;I
n
( y ))
whic h un i q uel y imple m e nts e￿c ient pr o duc tion e
￿
.
T he p r oof o f t h e p r opos i tion c o nsists o f sev eral steps a nd is rel eg ated to t h e a pp endix.
The i n tuiti on b e hi nd the sharing rule is ne v e rthele ss e xtrem el y straigh tforw a rd. As
already m e n tioned the pro bl em with team pro ducti o n is tha t ￿na l output is the re su l t
o fm ul tipl eu n v eri￿able a c tions and tha t acti o ns are in som ew a y o r ano the r s ubstitute s.9
This im pl ie s that i fs o m e agen t shirks, he c a nnot b e ide n ti￿e do r p u n i sh e d. I nas e quen ti al
ga m e, i n whic ha s h i rk e ri so b s e rv e db y fel lo w team m em be rs , the pro bl em is t h at the
obs e rv at i o ns can not b e v eri ￿ed b y p arti es who e nfo rc e con tra c ts. The enforcing pa rt y
can there fo re no t di rect ly i den ti fy the s hi rk e r. By u si ng sharing rule I the team can
ci rcum v e n t this problem . The r ul ei nd uc es team m em b ers to w ork e￿ ci en tl ya sl on g
a s t h e y obs e rv e that no o the rt e am m em be r has shirk e d . A s soon as an a ge n t o bserv es
that so m e other ag e n t b efore hi m shirk ed, he w i ll no t p e rfo rm a n y e￿ort. Th i sm e an s





). Fi na l ou tput c a n the nb e u s e dt o e xp o se agen t k as the shirk er and punish
him acc o rdi ng l y .
T om ak e the s haring rule w ork at le a st three cond i tions ha v et o b e m et. The ￿rst
conditi o n is that the c hoic e of a n agen tn o tt o p e rfo rm an y e￿ ort, w he n he o bserv es that
so m e team m em be r shirk ed, m us t b e rational. T o see tha t this co ndi tion i sm e tb y rul e
I , cons i der the las t ag e n t n who observ e s that s hi rking h as ta k en place. He the n kno ws
that in term e diate pro d uc tion is b el o w^ y
n ￿ 1
. This i m pl ies th at i f he do es not p erform a n y
e￿o r t, her e cei v e sap a ym en to fu
￿
n
w i t h o u t i ncurri n g e￿ ort cos ts. This is the m ax i m um
pa y o￿ he can ho p e for a nd not pro duci ng a n ye ￿ ort is an optim a l resp o nse. G i v e n this
b eha vior o f a gen t n and ass um ption 1 i ti sa l so o pti m al fo r a gen t n ￿ 1t op e rfo r m
no e￿o rt a s so on as s he ob se rv es shi rking. Con tin ui ng this arg um en ts h o ws that under
sha ri ng rule I a gen ts wil l sto p p erform ing e￿o rt as so on as th e y o bserv e shirk ing .
Note th at assu m ption 1 i si m p orta n t in this re spe c t.
5
It exc ludes the p ossibil it y that
it m a y b e optim al f o r an agen tt o o v erw ork i n order to c om pe n sate for the shi rking
of pr e vi o us a gen t s. That this m igh t b e a proble m for t h e rule I be c om es cl ea r b y






and le t~ e
l









;0 ;: : :; 0; ~ e
l
; 0 ; :::;0) = ^ y
l
. Since o utput is i ncreasing i n e￿o rt i tf o l lo ws
5
A s hari ng rule wh i c h uniquely im plem en ts e ￿ ci en t pro du ctio n when ass um ption 1 doe s not hold is







































c ho o si ng e
l
= 0. Under a ssum ption 1 ine qua l it y (2) wil ln e v e rh o l d a nd c o nseq uen tl y
age n t l alw a ys rec ei v e sap a y o￿ l ess than u
￿
l
i f s he o v erw o rks to com pe ns ate the shi rking
of pre vious agen t(s).
A sec o nd conditi o n for rul e I to w ork i s tha t a team m em be r ha s to b e k e pt from
shirki ng giv en tha t hi s shirki ng i s dete cted. This m e a ns tha t a p oten ti al sh i rk e rm ust
rec eiv e a lo w e rp a y o￿ from shir king than wha t h e rec ei v es fro m p erform ing at hi s e￿c ie n t
le v e l. Si nce shirk ing im pl ies that s ubseq ue n ta g e n ts do not p erf or m an y e￿ ort, i tf o l lo ws





). Ac cord i ng to sh ari n g rul e I agen t k then re cei v e s the ￿nal o utput y , but h as
to p a ya l la g e n ts b ef or e h i m y
￿
i
a nd all agen ts after him u
￿
i
. This im pl ie s that a l la g e n ts
other tha n agen t k get the ir prearrang ed pa y o￿ from e ￿ci en tt e a m pro ducti on . S i nc e e
￿
i s t h e u n i q u em axi m i zer o f the surplus S ,a n y outpu t y< y
￿
w i l ln o t b el arg e e no ugh to
co v er th e pa ym e n ts of a p oten tial shi rk e r k to other ag e n ts, whil el ea vi ng hi ma p a y o￿




L ast, the sha r ing ru l e shou l dn o ti nduce agen ts to try to in￿ic t punishm en ts on other
ag e n ts b yo v erw orki ng . Si nc eo v e rw or k ing wil la l w a ys i n v ol v ee ￿ ort c o sts hi gh e r than c
￿
k
andp a y m en ts d o not exc eed y
￿
k




Sha ri ng rul e I im pl em en ts e￿ cie n t pro ducti on unde r the threat of pun i shm en ts . Ev en
thou gh no puni sh m en ts are giv en in eq uil ibrium they m a y cau se p roble m s when sc hem es
are req uired to satisfy l im i ted l iabil it y o f the ag e n ts. Thi sm a y b e considere da sa
disadv an t a ge o f the rule. W e arg ue ,h o w ev er, that the punishm e n ts are no t tha t high
as com pared to the ir use in sta ndard auditi ng li terature, w he re o f ten o nl yu n b ounded
punishm e n ts l ead t o ￿rst b est im plem en tati o n (e. g. B a ron a nd Be sa nk o (19 84) and
Border a nd So b el (19 87)). Since the upp e rb ound of punishm e n ts i s y
￿
, the sharing rul e





The upp er b ound is approa ched i n qui t e spe ci ￿c s ett i ngs i n whi ch one ag en tb yh i m se l f ge nerate s11
Moreo v er, w em a y defend pun i shm en ts in sc hem eIo nf a i rness grou nds. Punishm e n ts
are na m ely suc h that if a team m em be r k shirks then a l l o the rt e am m em be rs l 6= k st ill
rec eiv e thei r pre-a rranged p a y o￿ u
￿
l
. Punishm en ts are there fo re f ai r, in s o far as they are
deri v e d f ro m the pri nci pl e that s hi rking sh ould not ta k e place at the ex pe n se of other
team m e m b ers.
It m a y ,a t￿ r s ts i gh t, b e s urpri si ng tha t the punishm en ts in sharing rule I ar e i nd e ed
high enoug h to k ee p a team m e m b er fro m shirki ng . This i s due to the f ac t tha t w hat
the rul ei m ple m en ts i s exactl y the e ￿ci en t o utput y
￿
, whic hp e r de￿niti on c an m ost
e￿ cie n tl y b e pro duce db y the e￿c ien te ￿ ort le v el s.
Th e sharing rul e I ha s m an y app e al ing fe a ture s . It is si m ple and i nd uc es straigh t-
forw ar db e ha vior of the te am m em be rs in equi libri um . Moreo v er, i ti m pos e s b ounded
punishm e n ts and im plem en ts e￿c ien t pro duc tion i n a uniq ue w a y . Without studying
thei ss ue expl ici tly w em en ti o n that the rul ei s also rob ust ag ai ns t c ol lusiv e b eha vi or ,
alb eit without s i de pa ym e n ts.
4 Sab otage
Unde r sha ri ng ru l e I a n agen t k c hoos e s hi se ￿ cie n te ￿ ort l ev el wh e n he o bserv es that
non e o f the p r evi o us a gen ts has s hi rk e d. In thi sc a se shirk ing is su b optim al, s i nce i t
induce s s ubseque n ta g e n ts t oc ho os e a n e￿ort lev el o f z ero. The c ho i ces e =0w ou l d lead
to a ￿nal o utput tha t li es b et w een the t hr e sh ol ds ^ y
k￿1
a n d^ y
k
a n d, c o nseq uen tl y , a gen t k
is punished. It seem s there fo re im por ta n t that agen t k do es no t ha v et he po ss i bi li t yt o
destro y som e of the outp ut and in￿ic t a punishm e n t on a previ ou s a ge n t. W ei n te rp r et
the de s truc tion o f output a s sab ota ge and stu dy in this sec tion w he ther sa b ota ge upsets
the outco m e of the rul e I .
W e can m ode l the p oss i bil it y o f sab otag e b y all o wi ng agen ts to c h oos e n e g ativ ee ￿ ort
the com plet e sur pl us , whil ei nc urring al m o s t no costs a n d pre-arranged shares are s uc h that this agen t
re ce i v es onl y his re se rv a tion util it y . E.g . let c
￿
n
￿ 0 and let p re-arranged shares fy
￿
i










￿ 0 )F urt herm ore, l et t he pro duc ti on funct i o n be su c h that ag en t n pro duce s
al m ost al lo ut put, (i .e. ^ y
n ￿1












(:; 0) ￿￿ y
￿
when he is the ￿rst to shirk and c ho ose s e
n
=0 .12
le v e ls with the i n terpre ta ti o n that a negativ e e￿o rt l ev el d e stro ys o utput. That is, w e
ex tend the as sum pt i on @y= @ e
k
> 0o v er th e i n terv al e
k
< 0. Sa b o tage has c o nstan t





￿ 0 for e
k
< 0. T om o del the fa c t that
sa b ota gei s co stl y and incre as i n gly so , the ag e n ts’ cost functi on s m us t b e con v e xi n the
ag e n t’s o wn e ￿ ort and obta i n a unique m i nim um o f zero at e =0 . W em a y further
ex tend assum ption 1 o v e r neg ati v ee ￿ ort lev el s. N o te that the a ssum pti on i m plie s that
the e￿ cie n t e￿o rt l ev e l e
￿
wi ll not in v olv e s ab o tag e ,i . e . s abot a g ei sn o te ￿ cie n t.
Refe rring to sharing rule I i tb e c om es i m m e diately c lear that s ab otag e do e s no t a￿ e ct
the e quil ibri um outcom e, since b y destro ying outpu t no a gen t can g ain a hi g her pa y o￿ .
Note th at also here th e ext ended v ersion o f a ssum ption 1 is i m p o rtan t. It exc ludes
the p os si bi li t yt h a t b y sa b o tage an a gen tm ak e si t easie r f or so m e s ubseq uen ta g e n tt o
pro duce and m ak es it attra c tiv e for hi mt o c om p ensate the sa b o tage a nd shirki ng .
Prop osit ion 2 S cheme I is r ob ust to the p ossibil ity of sab otage .
5 Obs erv ational Requi rem en ts
Un til no ww e assu m ed tha t eac h team m em b er o bserv es th e e ￿ ort lev el of a l l previ ou s
ag e n t a nd sh o w ed th at this is su ￿ ci en t for the subga m ep e rfect i m ple m en ta ti o n of e ￿-
ci en t pro ducti on . F or so m ee n vi ro nm en ts, ho w e v e r, this m a y see m a stark a ssum ption
whic hi sd i ￿cul tt ob em et. A na tural question i s therefore w he ther thi s o bserv ationa l
req uirem en ti sa l so a nec essa ry conditi o n for sc hem e I to induce e ￿ci en t pro duct ion . In
this s ubsect ion w e s tudy the e xi st e n c e of an e quil ibri um outcom e with e ￿ci en t pro duc-
tion when o bserv ations ab o ut previ ou s actions a re i m p erfe ct. W e wil l concern ours e lv es
only with i m p erfe ct observ ations whic h are cau se db y the lac k of o bserv ation and not b y
ex o genous uncer ta i n t y .B y this w e can a v oid the need to i n tro duc em o v es of na ture .
In o rde r to concen tra te on th e e￿ e cts o f im pe rfect i nfo rm at i o n on e ￿ci en ti m ple m en-
tation in team s, w el et the ag e n t’ sc o st functi on d e p end only on his o wn e￿o rt. This
ci rcum v e n ts th e p r o ble m that due to the uno bserv abil it yo f s o m e action a n ag e n td o e s
not k now his o wn co st functi on . The unob se rv a bil it yo fa na g e n t’s o w n cost function13
w ould b e a ra the r non-s tanda rd in ag e ncy m ode ls.
Th e in tro duction o f i m p erfe ct o bserv ati on s i m pl ie s that the ga m e induce db ys c he m e I
b ecom es an exte ns i v eg a m ew i th i m p erfe ct inform ation. Suc hg a m es re quire a di￿ere n t
im plem en tati o n concept from subg am e p erf ectness. I n ste ad w e use p erfe ct Ba y esian
im plem en tati on .
W e w i l l s tudy t w os p e ci￿c observ ationa l struc tu re s:
S ettin g 1: A team m em be r k o bserv es only the in te rm e di at e sta te o f pro du c tion a ft er
his pre dece s sor has ta k en hi s e￿o rt lev el and b e fo re he ha s to tak e his o wn e ￿ ort l ev el,




; : : : ;e
k ￿ 1
;0 ;::: ;0) .
Se t t i ng2 : Eac h team m e m be r ( e xcept for the ￿rst agen t) obs e rv e s only the e ￿ ort lev el
ofh i s pre de cessor.
Note tha t s e tting 1 the reduce d obs e rv ab i li t y p oses a problem when e￿ ort lev el s are













). In thi s case di￿ere n t com bi na ti o ns of e￿ ort le v e ls
m a y l ead to the sam e state of in te rm edi a te pro duction, bu t re su l ti nq u i te di￿ere n t
in term e diate pro duction functions. In setting 1 a n ag en t k m us t there fo re b e s ure that




tha t thi sl ev el of in t erm e di ate






) an d n ot b y som e other
com bination.
Prop osit ion 3 Conside r s e ttin g 1 and let jN j > 2. The n sc heme I induc es an ext ensiv e
game w ith i mp erfe ct informa t ion for which e ￿cien t pr o duc tion is a p er fe c t Bayesian
e quil ibrium outc ome .
Pro of: W eg i v e the e quil ibrium strategies a nd the syste mo fb e lie fs whic h supp o rt this
eq ui li brium .L e t a team m em be r k ’ sb e lie f, ￿
k
, abou t pr e vious e￿ort le v e ls dep end on
his o bserv ati on of t h e i n term ediate outpu t, y
k
























































w i t h ~ e
k ￿ 1
s u c h t h a t y ( e
￿
1












. ) C o ns i d er the
foll o wi ng stra te gy ￿
k















a n d ￿
k
= m a x f 0 ; ~ e
k
g , w i t h ~ e
k
s u c h t h at y (e
￿
1











. It is easy
to s e e tha t the b el ie fs ￿
k
wi th the stra te gi es ￿
k





for a gen t1
c onstitute a p erfe ct Ba y esi an e q uil ibrium w i th e￿ cie n t pro ducti on a s the e quil ibri um
outco m e.
Q.E. D.
In se tting1at e am m e m b er o bserv es o nly the in term e diate state o f pro ducti on , y
k
,
a n d n o t t h e i n di vidual a c tions of pre vious ag e n ts. I n order to g ui de hi sc ho i ce of e ￿ ort
he ther efore form sa b e l i e f abou t these a c tions whic h are consisten tw i th h i s o bserv ation
y
k
. T he equi li br i um outcom ew i ll dep e nd o n ho w these b el ief s are form e d. The s c hem e
I induce s e￿c ie n t pro ducti on wh e n a team m em be r k be l iev es the foll o wi ng . If the
in term e diate pro ducti on y
k
c o nform s with the target le v e l^ y
k ￿ 1
of a gen t k ￿ 1, i. e. the
sta te of pro ducti o n whic hw ould ha v eo c curred when no previ ou s pl a y e rs s hi rk e d, then
ag e n t k do e s indee db e li ev e that no b o dy s hi rk e d. A ge n t k c a n the refore safely c ho o se his
e￿ cie n t e￿o rt l ev el, s i nce he b eli ev es tha t this wil l result i na n i n te rm edi a te p ro duction
^ y
k
, whic hi nd uc es also a gen t k +1 t o b e lie v e tha t no s hi rking has o cc urred. When the
in term e diate pro ducti on lie sb e l o w the targ e t lev el of a gen t k ￿ 1, then ag e n t k b eli ev es
that a l la g e n ts s hi rk e d and theref o re that if he ha d to reac h his targ e t lev el ,h e m ust
c ho o se an e￿o rt l ev el e xce eding e
￿
k
wh i c hw ould yi el da p a y o￿ o f l ess than u
￿
k
.I ti s b ett er
for him to c ho os e e
k
=0 as subsequen ta g e n ts using the sa m er e a son i ng will c ho ose
also e =0 . A ge n t k there fore b eli ev es to a ttain a pa y o￿ of u
￿
k
b yc ho os i ng e =0 . I f
in term e diate pro ducti on l ie sa b o v e th e ta r ge t l ev el o f agen t k ￿ 1, the n a gen t k m ust
concl ud e tha t som e a gen to v erw or k ed. If agen t k actuall yb e li ev es tha t only the last
ag e n to v erw ork ed, while all other agen ts c hos e thei re ￿ci en t e￿o rt le v e l, then a gen t k
can sa f ely c ho o se an e￿ort le v e lb e l o wh i s e￿c ie n t e￿ort le v e l. I ti st h e n o pti m al for hi m
to c ho os e an e ￿ ort l ev el b y whic h he reac hes e xa c tly his ta rget le v e l^ y
k
if p o ssibl e and
ze ro otherwise .F or an a gen t l be fo re k it do e st h e refore not pa yt oo v e rw or k as i t results15







) whic hi ss m al le r than the pa y o￿ he w ould ha v e g otten b yp l a ying
the eq ui li brium .
Prop osit ion 4 Conside r sett ing 2 wit h jN j > 2. Th e scheme I induc e s an ext ensiv e
game w ith i mp erfe ct informa t ion for which e ￿cien t pr o duc tion is a p er fe c t Bayesian
e quil ibrium outc ome .
Pro of: W eg i v e the strategies and the s y st em of b el ie fs tha t supp o rt th i se q ui li brium .
Let a team m e m be r k’ s b eli ef, ￿
k
, ab out p re vi o us e￿ ort le v e l dep end on his o bserv ation
of the e￿o rt le v e l, e
k ￿ 1













) = 1 and
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k
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a re an equi li brium g i v e n the b e li ef system f￿
k





i sB a y esi a n consisten t with these strategies.
Q.E. D.
In s e tting 2 sc hem e I induc es e ￿ci en t pro ducti o n if ag e n ts i n te rp r et th e e ￿ ort lev el
of the pre vious ag e n t a s a signa l . An e￿o rt l ev el of e xactly e
￿
k ￿1
signa l s that nob o dy h as
shirk ed a nd that i t is sa fe for ag en t k to c hoos e h i se ￿ ci en t e￿ort l ev el and s i g nal to
ag e n t k + 1 that no s hi rking has o ccurre d . Agen t k in te rprets an e ￿ ort lev el whic hi s
b elo w e
￿
k ￿1
a s an indi cation tha t no t only ag en t k ￿ 1 shirk ed, b ut a l s o all ag e n ts b e fore
him .I t is therefore optim a l fo r agen t k to c ho o se an e￿ ort of zero. Thi s also s i gn als to
ag e n t k + 1 tha t shirk ing ha s tak e n place. When ag e n t k observ e sa ne ￿ ort le v e l whic h
ex cee ds e
￿
k￿1
,h e b e li ev es that all a gen ts b e fo re k ￿ 1h a v ec hos e n thei re ￿ cie n te ￿ ort
le v e ls. I f p ossible ,i ti s the n o pti m al for him to c ho os e a n e￿ort lev el b y whic hh er e ac hes
ex ac tly hi s ta rget lev el ^ y
k
, otherwise he c ho o ses an e￿o r t o f zero. This w ould signal to
ag e n t k + 1 tha t a l l previ o us agen ts shi rk e d an d induce s her no t to p e rfo rm an y e￿o rt.
Ho w ev e r, ag e n t k is not b o there db y this as he b el ie v es th at output has reac he d his
targ e tl ev el ^ y
k
an yw a y , whic h g uara n tees him a pa ym en t y
￿
k
.F o r ag e n t k ￿ 1c ho o sing
an e￿o rt whic he x cee ds e
￿
k￿1
i s therefore no t o pti m al g i v e n the b el ie fs an d stra te gi es of
others.16
Note tha t the e quil ibri a in prop osition 3 and 4, whic h sustain e￿c ien t p ro duction
as the e quil ibrium outcom e, are no t u ni que. Th e conce pt of P erfe ct B a y esian Equil ib-
rium i st o ow e a k to ac hi ev e a uniq ue e quil ibri um outcom e. One can sho w, ho w ev er,
that eq u i li bria whic h do not l ead to ￿rst b est outcom es requi re rather p ec uli a r o ut-o￿ -
eq ui li brium -b el iefs. W e conjec ture, tha t the Cho an d Kre p s’ (198 7) in tui tiv e cri teri um
su￿ce s to o btain e￿c ie n t pro duction a s the unique e quil ibrium outcom e .
6 N oi sy Pro duc tion
The m o de l w e ha v e studied so fa r do e s not exhi bit exogenou s unce rta i n t y .A ni n te resting
questi o n i s whethe r ￿rs t b est i m ple m en ta ti on i s also p ossible un de r uncertain t y .S c he m e I
w ork e d on the princi ple that i f one agen ts h i rks, then a l l su bseq uen t a gen ts w i ll c ho ose an
e￿o r t le v e l of zero. Th e ￿nal output can the n b e used to uni quel yi den ti fy the shirk er and
punish h i m app ropriatel y .W h e n output is noisy ￿nal o utput canno t uniq ue ly dete rm i ne
who shirk ed. S c hem e I seem s, the refore, to de p end cruci ally on the fa c t that o utput is
dete rm ini stic.
In o rde rt o i n v esti g ate whether ou r re su l td e pe n ds cruci al ly on th e a bsence of no i se
w e a dopt the a ssum ption of com pl ete o bserv ation and in tro duce noise in a sim il ar w a y
t o B an e rjee and B egg s (1 989 ). L e t ￿nal ou t pu t x dep end o n e￿o rt and a n oise te rm "
whic hi sr e al iz ed a fte re v e ry a gen t has c ho se nh i s e￿ort l ev el ,i . e.
x (e; " ) = y (e )+" :
W e as sum et h a ti ti sc o m m o n kno wle d ge that E [ "] = 0 and that " is di stributed o v er
thei n te rv al [ ￿ ￿; ￿] with d e ns i t y functi on f ( " ), i .e . f (") = 0 for all " 62 [ ￿￿; ￿ ] .N ote
that the m o del is a s trai gh tf or w ard ex tension o f the ba si cm o del o f se ction 3. It re m ains
am o del o f sym m etri ci nf or m at i on . M or e o v e r, the i n tro duct ion of no i se in an a dditi v e
form l ea v es the ￿rst b e st a c tions e
￿
unc ha nged and ena bl es us to m ak ea m ean i ng f ul
com parison b et w een the form er and pre se n tm od e l.
W ew an t to ana l yze a m o del, in whic hn o i se pla ys o nl ya m o derate role i nd e term ining
￿na l ou tput. W es a y that noise i sa r e lativ ely sm all d e term i na n t o f ￿ nal o utput when
the foll o wi ng as sum pti on i ss a t i s￿ed:17
Ass um ption 2 : The p ar amet er ￿ satis￿es
￿ < min



















Th e a ssum pti on i m pli es tha t t he m axim u m po ss i bl e noise i s less than t h e e￿c ie n t
surplus whic h is created b ya n y g roup of last k ag e n ts. Sinc e the e￿c ien t surplus is
alw a ys s tri ctl y pos i tiv e, the a ssum pti on w i ll alw a ys b e sa ti s￿ e d for ￿ sm all enough .
Note tha t if t h e team m em b ers’ co st fun c tions do no t d e pe nd to o m uc h on other team








) and a ssum pti o n2i s equi v al en tt od e m an di ng th at ￿ i ss m al le r tha n the








C o n s i d er the sharing rul e
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i f x￿ ^ y
k
+ ￿
Th e idea b e hind the sc hem ei ss i m ilar to th at of s c hem e I and di ￿e rs only i n the
targ e tl e v e ls. I t tri es to induce the te am m e m b ers to stop w orking as so o n a s the y
obs e rv e tha t som e b o dy ha s shirk ed. The problem with noisy output is, ho w ev er, tha t i t
is m o re di￿ cult to iden tify a s hi rk e r. F or i ns t a nce ,i f ￿na l outp ut x l ie s in the in te rv al
(^ y
1
￿ ￿; ^ y
1
+ ￿ )i t is no longer cl ea r whethe r agen t1o ra g e n t 2 shirk ed. I tc o u l d b e that
ag e n t1s h i rk e da l ittl e an d agen t2c ho se the e￿ ort l ev el of ze ro i n o rde rt o i den ti fy thi s.
Or i t could b e tha t agen t 1 p erform ed at his e￿ ci en te ￿ ort le v e l and agen t 2 dec ided to
shirk and c ho se an e￿ort l ev el cl os e t o z ero. Sc hem e
^
I deals w i th thi sb y sim ply punishing
ag e n t1e v en thoug h i t is not cl ear tha t h e w as indee d th e shirk er. I ti sc l ear that this18
wil l prev en ta g e n t 1 fro m shi rking, but m igh tm ak ei t pro￿ta bl e fo r ag e n t 2 to shirk .A s
the rang e ( ^ y
1
￿ ￿; ^ y
1
+ ￿) is not to o l ar g e, this is not the cas e .
Prop osit ion 5 L e t assumption 1 a n d assumption 2 b e satis￿ e d the n for any in d iv idual
r ational division fy
￿
i
g of the e ￿cien t output y
￿
the r e e xists a b al anc e d shar ing rule
^
I
whic h un i q uel y imple m e nts e￿c ient pr o duc tion e
￿
.
Pro of: See app e nd i xA .
Q . E. D.
P r opos i t i o n 5 s ho w s th at w he nn o i se i s rel at i v e ly sm all, ￿rst b est i m ple m en ta ti on i s
s t i l l pos s i b l e . I t sho ws , m or e o v e r, tha t sc he m e I is ro bust to noise i n the sense that
sc he m e I i s the l im it case o f the sc he m e
^




I = I :
Prop osit ion 6 S cheme I is r o b ust to n o ise .
7 C on clus ion and Im plic at i on s
This pa p er sho w ed that in te am w ork e n vironm e n ts with seque n tial pro d uc tion sc hem es
ex ist whic h are balanced and i n duc ee ￿ ci en t p r odu c tion in e quil ibri um . This i si nc on -
tras t to set tings i n whic h team pro duc tion ta k es pl a ce sim ultaneous l y .W eh a v e argued
that seque n tial en v ironm en ts di￿er from sim ultaneou s o nes in that agen ts m a y observ e
the a c tions ta k en b y pre vious a gen ts . Al tho ugh these ob ser v ati on s a r e no t v eri ￿a bl eb y
a court a nd c a nnot b e con tracted o n, balanced sharing rule se xi s t whi c hi ndu c ea g e n ts
to co ndi tion b eha v ior o n thei r o bserv ations. An ag e n t’s action m a y the refore in￿uenc e
the a c tion tak en b y s ubseq ue n t a gen ts . Ra t ion al ag e n ts wi ll tak e thi s dep endenc ei n to
accoun t when c ho osing a c tions. Using thi sw ec o nstructe dab a l a nce d sh ari n g rul e that
tail o rs the dep endence in suc haw a y tha t i tb e c om es o pti m al for a gen t st o c ho o se thei r
e￿ cie n te ￿ ort l ev el s . The s haring rul ei s rem ar k ably sim pl e a nd i nduces an e quil ibri um
b eha vior whic hi s rather i n tuiti v e . W eh a v e sho wn that it is robu st to s ab otag e and19
noise and also induce s e￿c ien t pro ducti o n in e n vi ro nm en ts i n whic h a gen ts o bserv eo n l y
a subset o f prev ious e ￿ ort lev el s.
Th e pa p er has a straigh tforw ard im pl ic at i o n for org aniz ing pro ducti on i n team s. In
reali t y the pro ducti o n struc tu re wil l b e an endog enous v ar i ab l e and its c ho i ce is up to the
team .T h i s p ape r sh o ws that i f org aniz ing pro ducti on sequen tiall yi sav i ab l e option, then
a team can ci rcum v e n t the use of a budget break er b ys e tting up a seque n tial p ro duction
structure. Whether the team opts for seque n tial pro du c tion will then dep end on the
trade-o ￿ b et w een the cos t of structuri ng pro ducti on se quen tiall y rather tha n ho ri zon tall y
and the cost o f engag i n g a thi rd part y as the budget break e r.
G i v en the exi st ence of su c h a trade-o￿ this pa p er also o￿ers the ba sis for a n em piric al
t e s t to v eri fy H ol m str￿ om ’s cl ai m , that the w i ldl y o bserv ed separa ti o n of o wn e rs hi p and
l a bor i s due to reaso ns o f e ￿ci ency . If the c laim i sc o rre ct then one sh ould e xp e ct to se e
m ore sepa ration i n situations where it is m or ec o stly to org aniz e p ro duction seq uen ti al ly .
Apart from the aforem e n tioned ob se rv at i o n that in aca de m i cs p eople do not us e th i rd
parties a s budget bre ak ers when w r iting joi n t pap e rs , w e are regrettably no t a w ar e o f
t h e a v a i l a b il it yo fe m piri cal da ta to conduct su c ha t e st .
An i m p o rtan t a pp eali ng f ea t u re of the sc hem ei s that in s e ttings with c om plete infor-
m ation i t im plem en ts e ￿ci en t pro duction i nau n i que w a y . This i m pli es that the pap er
m a y also con tribute to the princi pa l m ul tiple - agen t theory (eg. Mo okhe rjee (19 84) and
Mc A￿ee a nd McM il lan (19 91 ) ). T hi sl i terature t ypi call y ass um es that the ag e n ts tak e
thei r actions sim ultaneous l y . As sho wn b yM o okherje e (19 84) suc hs e ttings a re often
plagu e db yam ulti pl ic it y o f equi libri a.
7
Thi s pro bl em w as a ddre s sed b y Ma (19 88 ) w ho
sho ws h o w a princi pa l m a y use ex p o st m e s sag e g am es ￿ al aM o o re a nd Repull o (198 8)
in order to unique ly i m ple m en ta c tions i n th e princi pa l m ul tipl e-a gen ts e tting. He a s-
sum es that acti o ns are c hos e n sim ultaneou sl y , b ut a re ex-p o st observ able b y the a gen ts .
The pre se n t pap e r sho w s th at i n seq ue n tial en v ironm en ts with an i nf or m at i o n s truc ture
sim ilar to M a (1 988 ) sim ple dire ct sc hem es exi s t whic hu n i quel yi m pl em en te ￿ cie n ts o -
luti o ns. Th i s pa p er, there fo re ,i ndicates th at se quen ti a l pro duct ion m a ya l le viate the
7
The no n-bala nc ed sc he m e p re se n te d i n Hol m str ￿ o m( 1 982) for e xa m pl e s upp orts e￿cien t pro duc ti on
a saN a s h equil ibrium outcom e, but i t is not the unique Nash e qui li br i um o u tcom e.20
m ulti pl ee q ui li bria p roble m .
App endix A
Pro of of p r op ositi on 1:
W e pro v e tha t sc he m e I uniquel yi m pl em e n ts e ￿ci en t pro ducti o n a s claim ed b y prop o -
siti on 1 . F or m al ly the s c hem e I i nduces a s e quen ti al ga m e G with n ag e n ts in whic h
ag e n t k ha s the p a y o￿ func tion u
k






). Our cl ai m is that e
￿
is
the uni que subg am e p erf ect e quil ibrium o utc om e of this sequen tial ga m e. T o sho w this




; : : : ; e
k
) as the subg am e sta rt ing from a gen t k +1 i n





























































































































































































































This con tra di cts tha t e
￿












Le m m aA . 1 gua ran te es tha t i fe v e ry ag e n tc ho o ses an e ￿ ort le v el o f z ero a fte rh e
obs e rv e s tha t so m e a gen t has shirk ed, then shi rking i s not pro￿tab l e. A s hi rk e r k is then
sure to rec eiv e a util it yl o w er than the util it y he obta i ns b y not shi rking. Of course
shirki ng will only b e prev en ted i f a pot e n tial shirk er rati o nall yb e l iev es that all ag e n ts
after him wi ll i nd e ed c h oos e a n e ￿ ort lev el of ze ro .





















































Pro of: De￿ne ￿ e
k


















; 0 ;:: :;0),
if s uc h a n ￿ e
k
￿ 0 exi sts . Otherwise de ￿n e ￿ e
k
= 0. S i nce y is a m ono tonic i ncre a sing
functi o ni na l le
i
















































































































; ( 4 )





Q . E. D .
Th e lem m as h o ws tha t i f a team m em b er observ es tha t so m e seque nc e of previ ou s
ag e n t shirk ed t he n p erform ing p o si tiv ee ￿ ort and this w a yi n￿icti ng the punishm e n to n
him se lf yie lds a pay o￿ of l ess tha n u
￿
k
.I n the l igh to fl e m m aA .1 this i s n ot a surprising
result .
Le m m aA . 3 If e i sas ub game p er fe ct e quil ibrium ou tc om e with y (e ) <y
￿
then e must
b e such that for al l l with ^ y
l
>y ( e ) it holds that e
l
=0 .
Pro of: If no t, then th e l a st a gen tw i th e
l
> 0 could ha v ed e creased he re ￿ ort lev el to zero
and so re du c e her cos t of e￿ ort without de creasing her pa ym en t u
￿
l
.U nd e r a ssum ption22
1 a dec rea se of e
l
i ncreases the cos t of e￿o rt for all agen ts a f ter l .A ge n ts a fte r l w ould
there fo re only incre a se their e￿o rt lev el if thei r inc reas e d e￿o rt w ou l dl ea d to a higher
pa ym e n t, i .e . if ￿nal outpu t i s incre a sed to y
￿
. This o f c o urse w ou l d b ene￿t agen t l on l y








Le m m aA . 4 L et (~ e
l
;::: ; ~ e
k
















; :::; ~ e
k
























it fo l lo ws that y (e
￿
1





; : : : ; ~ e
n￿ 1
; 0 ) < ^ y
n ￿1
. The e ￿ ort
c ho i ce e
n
= 0 yi el ds agen t n the pa y o￿ u
￿
n
. W e n o w s h ow that a n y e
n
> 0
result si nap a y o￿ l o w er than u
￿
n
. Co nsi de r the e￿ ort c hoice e
n













) < ^ y
n￿ 1
. Sinces u c ha ne
n




stric tly p ositi v e e￿ort cost, a gen t’ s n’s net pa y o￿ i ss m all er t ha n u
￿
n
.I f a g e n t n c ho oses
an e￿ ort l ev el e
n
















) then ag e n t n’s pa y-


































le m m aA . 2i t follo ws tha t thi si ss m al le r tha n u
￿
n
,i fs u c ha ne
n
is to exi s t at all. If ag e n t
n c ho os e sa ne ￿ ort l ev el e
n














then he rece iv es

















). N o te tha t if suc ha ne
n










































) and a gen t n’s pa y o￿ is sm all er than u
￿
n
.F or ag e n t n i t is there fore
optim al to c ho ose e
n










;: ::; ~ e
n ￿ 1
).












) h as as t h e
uniq u e subg am e p erfe ct e quil ibri um outcom e e
k
= ::: = e
n











; :::; ~ e
k





has as the uni que subg am ep e r fect e quil ibri um
outco m e e
k +1
= :: : = e
n
= 0. Since e
k +1
= ::: = e
n
= 0 is the uniq ue sub gam e p erfe ct










;: ::; ~ e
k





it fo l lo ws tha t a n e ￿ ort

































.I f t hi s e￿o rt c hoic e resul ts in a ￿na l23
outp ut y (e ) < ^ y
k ￿1
the n a gen t k re cei v e sap a ym e n t u
￿
k









leads to a ￿na l output






= ::: = e
n
= 0 (le m m aA . 3 ). It follo ws fro m l em m aA .2 that
ag e n t k ’sp a y o￿ i s less than u
￿
k





suc h tha t a ￿nal output
y (e ) > ^ y
k



































, thi s is a l so sm al le r than u
￿
k
. F or age n t k it is
there fo re optim a l to c ho o se e
k
= 0 , whi c hl e a ds to the outcom e e
k




F rom l em m aA .4 it f ol lo ws direc tly t ha t a s soon a s sh i rki ng o c curs, then subseque n t
ag e n ts w i ll c ho o se a n e ￿ ort le v e lo fz e ro . T he fo l lo wi ng l em m a sho ws tha t suc hb e ha vior
of agen ts prev en t a p oten ti a l shi rk e r from actuall ys h i rking.




























) then ag e n t
n’s pa y o￿ i s y( e ) ￿
P
















y iel ds the




































) giv en that the un i que s ubga m e p erfe ct








) i s( e
k
; : ::; e
n



























Sinc e a gen t k ’s pa ym e n ti sa tm os t y
￿
k






































whic h has the uniq u e subga m e p erfe ct equi li br ium o utc om e e
k+1
= ::: = e
n
=0 , w i th




































) ha s there fo re the unique subga m ep e rfect e quil ibri um












W e a re no wa b l e to pro v e the m ain pro p os i tion.
Prop osit ion A.1 The sche me I =( I
1
; : : : ; I
n
) i n d u c es a ga m e with n players for which
the e￿ort l ev els e
￿
is the uniq ue sub game p er fe ct e qu ilibrium out c ome .





then due to le m m aA .4 a n output
y (e ) <y
￿
1











) whi c h according
to l em m aA . 1i s s m al le r than u
￿
1





i nd uc es e ￿ci en t pro ducti o n (le m m a
















l ead s e i ther to an
outp ut y (e ) ￿ y
￿
o r to a n o utput y (e) >y
￿



















. I f a ￿ n al o utput y (e) >y
￿
r e s u l t s , then e
2
= : : : = e
n
= 0 .
If no t, th e n the last ag e n t with a p ositi v e e￿o rt le v e l, sa y a gen t l ,c ou l d decre a se his e ￿ ort








































) >y ( e
1








+( y ( e
1






















yi elds agen t 1 the m axim um pay o￿ u
￿
1
and the gam e G has therefore the uniq ue












Pro of of p r op ositi on 5:
Proo f : B ec a u s e t h e p r o o f o f p r opos i tion 5 i s ana l o gous to that of pro p os i tion 1 w e will
only sho w that if ag e n t k observ es th at ag en t k ￿ 1i st h e ￿ r s t ag e n t to shirk and if ag e n t





then age n t
k wi ll c ho ose e
k
=0 .




















; 0 ;:: :;0) < ^ y
k ￿ 1
No w
consider agen t k .G i v e n tha t all ag e n t after hi mc ho os e a n e ￿ ort of ze ro i fh e c ho oses
e
k
=0 w e o btain tha t e
k
=0 y i elds a ￿na l output x< ^ y
k ￿ 1
+ ￿ .A gen t k ’s pa y o￿ is









do es no t m ak e sense for ag e n t k .I ndep e nden to f
wha t subsequen t a gen ts c ho ose, the c h oic e wil ly i el d a gen t k ap a ym e n to fa tm os t y
￿
k
whil e, due to ass um ption 1, his e￿o rt costs wi ll e xcee d c
￿
k
. Agen t k w ould b e b e tter o ￿
c ho o si ng e
k









) then w eh a v e three cas e s to consider. De ￿ne
~ y ￿ y (e
1
; : : : ; e
k





i t fol lo ws that ~ y< ^ y
k
a n dt h at x< ^ y
k
+ ￿ f o r
all re al izati on s of " .
Ca se i) I f e
k




















































; : : : ; e
k
) (6)























; ( 7 )
with g (x) the densit y fun c tion o f the rand om v ariable x .
Ca se i i) If e
k
is su c h that ~ y ￿ ^ y
k ￿ 1
the n x =~ y + "< ^ y
k ￿ 1














C a s e i i i) I f e
k




+ 2 ￿ ) t h en there e xists a t 2 (￿￿; ￿)s u c h
that ~ y + t =^ y
k ￿ 1
































































































































































where i ne qualit y (1 3) follo ws fro m a ssum ption 2 .
W e therefore obta i n that the a c tion e
k
= 0l eads to the hi gh e st p a y o￿ f or a ge n t k .26
Note that if all team m e m b ers b efore ag en t k ha v e pro du c ed at th e ir e ￿ci en te ￿ ort
le v e l the n a gen t k i s in fact i ndi￿eren tb e t w e en p erform ing the e￿o rt e
￿
k
o r no e ￿ ort at
all . Gi v en the equil ibri um b eha vi o r of subs e quen t team m em be r s bot h ac tions w ould
le a d to a pa y o￿ of u
￿
k
. Tha t in equil ibri um agen t k has to c ho o se e
￿
k
b ec o m es cl ear b y
consideri ng that i fa g e n tk c ho os e s e
k
= 0 then it w ou l dh a v eb e en stric tly b e tter for
ag e n t k ￿ 1t o o v erw ork b ya n "> 0. Thi s argum en ts h o ws tha t the un i que e quil ibri um
outco m ei st h a ta g e n ts c ho ose their e ￿ci en t e￿ort l ev el s.
Q.E. D.
App endix B
If assu m pt i o n1d o e s not hold then p e na l ties need to b e ha rsher in o rde r to induce ￿rst
b est b eha vi or . I n thi sc a se consider the foll o wi ng pa ym en ts c he m e I
0















+ y i f^ y
k ￿ 1


























o the rw i se
Sc he m e I
0
di ￿e rs f ro m s c hem e I in so fa r that i t if agen t k shirk s it also g i v e s team
m e m b ers after agen t k the pa ym e n t y
￿
k
i n ste ad o f u
￿
k
. P unishm en ts a re theref o re higher
and the sc he m e wil l not b e robu st to sab otag e.























































































































































































) : (1 8)
This con tra di cts the fa c tt h a te
￿

















; : : : ; I
0
n
) in duc es a game w ith n player s for which
the e￿ort l ev els e
￿
is the uniq ue e quil ibrium outc ome.
Pro of: Th e sc hem e I induces a sequen tial ga m e G(I
0
)w i th n a gen ti n whic h a gen t k ha s
































) ha s a s the uniq ue
subg am ep e rfect equi li brium o utc om e e
2
= :: : = e
n
=0 . B y a pply ing le m m aB .1 i t





i s s tri ctl yl ess tha n u
￿
1






is i m m ediate that ag e n t 1’s pa y o￿ i s stri ctl yl e ss th an u
￿
1
.W ec o ncl ude that ag e n t 1’s
pa y o￿ i s stri ctly l ess than u
￿
1












), b ecaus e y (e
￿
1
; 0 ;:: :;0) = ^ y
1
and b ecause the uniq ue


















=0 , a l so a gen t 2’s pa y o ￿ is stric tly le ss tha n u
￿
2



















yi el ds a p a y o￿ stric tly l ess than u
￿
k



















) .T h i s gam ei sa o n e - p erson de cision pro bl em .28
F or an y e
n















). M ax im i zi ng this








. T he e￿ ort l ev e l e
￿
n
i s the uni que b est
c ho i ce of agen t n.
G i v en that e
￿
n
i s the unique b est re sp ons e to (e
￿
1
; : : : ; e
￿
n￿1
) and th at in the s ub-
























; : : : ; e
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)i s the unique subg am e p er-
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